EFTCAMB/EFTCosmoMC are publicly available patches to the CAMB/CosmoMC codes implementing the effective field theory approach to single scalar field dark energy and modified gravity models. With the present numerical notes we provide a guide to the technical details of the code. Moreover we reproduce, as they appear in the code, the complete set of the modified equations and the expressions for all the other relevant quantities used to construct these patches. We submit these notes to the arXiv to grant full and permanent access to this material which provides very useful guidance to the numerical implementation of the EFT framework. We will update this set of notes when relevant modifications to the EFTCAMB/EFTCosmoMC codes will be released. The present version is based on EFTCAMB/EFTCosmoMC Oct14.
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I. INTRODUCTION
In the quest to address one of the most pressing problems of modern cosmology, i.e. cosmic acceleration, an effective field theory approach has been recently proposed [1, 2] . The virtue of this approach relies in the model-independent description of this phenomenon as well as in the possibility to cast into the EFT language most of the single field DE/MG gravity models of cosmological interest [1] [2] [3] [4] . The EFT action is written in unitary gauge and Jordan frame and it contains all the operators invariant under time-dependent spatial diffeomorphisms, ordered in power of perturbations and derivatives. These operators enter in the action with a time dependent function in front of them, to which we will refer to as EFT functions. The DE/MG models encoded in this formalism have one extra scalar d.o.f. and a well defined Jordan frame; in unitary gauge the scalar field is hidden in the metric. In order to study the dynamics of scalar perturbations, it is better to make its dynamics manifest via the Stückelberg technique, i.e. restoring the time diffeomorphism invariance through an infinitesimal time coordinate transformation. Then a new scalar field π appears in the action, the so called Stückelberg field. The EFT action in conformal time reads 
where m 2 0 is the Planck mass, overdots represent derivatives with respect to conformal time and∇ indicates three dimensional spatial derivatives. {Ω,Λ,c} are the only three EFT functions describing the background dynamics, hence the name background functions. While the dynamics of linear scalar perturbations is described by the second order EFT functions, {M 2 ,M 1 ,M 2 ,M 3 ,M , m 2 }, in combination with the background ones. We parametrize the conformal coupling to gravity via the function 1 + Ω instead of Ω [1, 2] for reasons of numerical accuracy. Finally, S m is the action for all matter fields, χ i . The EFT approach relies on the assumption of the validity of the weak equivalence principle which ensures the existence of a metric universally coupled to matter fields and therefore of a well defined Jordan frame.
In [5, 6] , we introduced EFTCAMB which is a patch of the publicly available Einstein-Boltzmann solver, CAMB [7, 8] . The code implements the EFT approach, allowing to study the linear cosmological perturbations in a model-independent framework via the pure EFT procedure, although it ensures to investigate the dynamics of linear perturbations of specific single scalar field DE/MG models via the mapping EFT procedure, once the matching is worked out. EFTCAMB evolves the full perturbation equations on all linear scales without relying on any quasi static approximation. Moreover it checks the stability conditions of perturbations in the dark sector in order to ensure that the underlying gravitational theory is acceptable. Finally, it enables to specify the expansion history by choosing a DE equation of state among several common parametrizations, allowing phantom-divide crossings. To interface EFTCAMB with cosmological observations we equipped it with a modified version of CosmoMC [9] , what we dub EFTCosmoMC [6] . EFTCosmoMC allows to practically perform tests of gravity and get constraints on the parameter space using cosmological data sets. The stability conditions implemented in EFTCAMB translate into EFTCosmoMC as viability priors to impose on parameters describing the dark sector. The first release of the code includes data such as Planck, WP, BAO and Planck lensing. The EFTCAMB/EFTCosmoMC package is now publicly available for download at http://wwwhome.lorentz.leidenuniv.nl/~hu/codes/.
Throughout this Numerical Notes we will always use the following conventions:
• The overdot represents derivation with respect to conformal time τ while the prime represents derivation with respect to the scale factor a, unless otherwise specified.
• In what follows we define a new dimensionless Stückelberg field: π, i.e. the π-field in the action (1) multiplied by H 0 and divided by a. For the rest of the notes we will suppress the tilde to simplify the equations so π is written as π, if there is no confusion.
The structure of the EFTCAMB code is illustrated in the flowchart of Figure 1 . There is a number associated to each model selection flag; such number is reported in Figure 1 and it controls the behaviour of the code. The main code flag is EFTflag which is the starting point after which all the other sub-flags can be chosen according to the user interests.
• The number EFTflag = 0 corresponds to the standard CAMB code. Every EFT modification to the code is automatically excluded by this choice.
• The number EFTflag = 1 corresponds to pure EFT models. The user needs then to select a model for the background expansion history via the EFTwDE flag. Various common parametrizations for the DE equation of state are natively included in the code. The implementation details of the dark energy equations of state can be found in Section IV A 1. Finally, to fully specify the pure EFT model, one has to fix the EFT functions behaviour as functions of the scale factor a. The corresponding flags for the model selection are: PureEFTmodelOmega for the model selection of the EFT function Ω(a) and PureEFTmodelAlphai, with i = 1, .., 6 for the α i (a) EFT functions. Some built-in models are already present in the code and can be selected with the corresponding number, see Flowchart 1. The details about these models can be found in Section V. After setting these flags the user has to define the values of the EFT model parameters for the chosen model. Every other value of parameter and flag which do not concern the chosen model is automatically ignored.
• The number EFTflag = 2 corresponds to the mapping EFT procedure. Also in this case the EFTwDE flag controls the background expansion history which works as in the previous case. For the mapping case the user can investigate a particular DE/MG model once the matching with the EFT functions is provided and the background evolution has been implemented in the EFT code. The model selection flag for the mapping EFT procedure is DesignerEFTmodel. The first code release has one built-in model, namely designer f (R) theories which corresponds to DesignerEFTmodel = 1. The implementation details of such model are presented in Section VI A. Models corresponding to the grey lines in the flowchart 1 are some of the models that can be cast into the EFT formalism and that will be gradually implemented in future code releases.
In addition EFTCAMB takes advantage of the feedback mechanism of CAMB with the following modifications:
• feedback level=0 no feedback from EFTCAMB nor from EFTCosmoMC;
• feedback level=1 basic feedback, no feedback from EFTCAMB when called from EFTCosmoMC;
• feedback level=2 advanced feedback, no feedback from EFTCAMB when called from EFTCosmoMC;
• feedback level=3 debug feedback also when EFTCAMB is called from EFTCosmoMC; 
III. THE STRUCTURE OF THE MODIFICATION
In order to implement the EFT formalism in the CAMB and CosmoMC codes we had to modify several files. We list them in this section to help the user keep track of what the EFT code is doing and how. To further help the user in understanding our part of code and/or applying the EFT modification to an already modified version of CAMB/CosmoMC we enclosed every modification that we made inside the following commented code lines:
for the CAMB part and:
We also provide a step by step guide to the EFTCAMB modification at http://wwwhome.lorentz.leidenuniv. nl/~hu/codes/guide_EFTCAMB.html and to the EFTCosmoMC one at http://wwwhome.lorentz.leidenuniv.nl/ hu/codes/guide_EFTCosmoMC.html.
A. Structure of the EFTCAMB modification
The modification to the CAMB code is implemented by modifying or adding the following files:
• EFT_main.f90: the main component of the modification. This part of code takes care of defining the EFT functions for the model of interest. It includes the possibility for the user to define his/her own pure EFT and DE equation of state parametrizations. It also include the f (R) designer module, the module that evaluates whether the considered DE/MG model is stable or not and a module that finds the time (if it exists) at which the considered model is so close to GR that it is pointless to evolve all the DE equations. This is the only file that needs to be modified to include a new DE/MG model in the code both for pure EFT models or for designer matching models, such as f (R).
• EFTstabilitySpace.f90: this file contains a program that can be compiled instead of CAMB to serve the purpose of making simple explorations of the stability region in parameter space of the theory of interest. This proves extremely helpful to understand and visualise the shape of the parameter space of a theory before exploring it with CosmoMC. For a direct application of this see Figure ( 1) in [6] .
• equations_EFT.f90: this is a modified version of the standard CAMB equations file. It contains all the equations that the code needs to solve to get the full behaviour of perturbations in DE/MG models. These equations are reported in Section IV and being written in terms of the EFT functions there is no need for the user to modify this file to include new DE/MG models in CAMB.
• cmbmain.f90: it includes modification of the standard CAMB file to run the designer code, the stability check and the return to GR detection just after EFTCAMB is launched. It also contains an optional code that will print the behaviour of perturbations in the DE/MG model that is considered. The latter part of code is not controlled by the parameter file so the user has to search for it in the code and manually activate it. It is also possible to use it at debug purposes.
• inidriver.F90: it contains a small modification of the CAMB file to read EFT parameters from the params.ini file.
• modules.f90: it is a modified version of the standard CAMB file to include EFT parameters within the standard cosmological parameters and some modifications to make EFTCAMB compatible with massive neutrinos.
• params.ini: this file allows to choose the input values for the EFT model parameters and the model selection flags.
• Makefile_main: it is a modified version of the standard file to compile the code using all the relevant EFT files. Inside here there is the option to compile the EFTstabilitySpace program.
• subroutines.f90: it contains some additional numerical algorithms that are used by the EFTCAMB code.
B. Structure of the EFTCosmoMC modification
To interface CosmoMC with EFTCAMB we had to modify the following files:
• params_CMB_EFT.ini: to specify the EFT model parameters that are sampled in the MCMC run and their priors.
• common_batch1_EFT.ini: to read cosmological parameters from params_CMB_EFT.ini.
• EFT_params.ini: to let the user choose the model via the selection flags.
• params_CMB.paramnames: to add the names of the EFT model parameters.
• calclike.f90: to perform the stability check on the considered model for the specific choice of cosmological parameters that are being considered by the MCMC sampler and reject them if the theory is found to be unstable.
• CMB_Cls_simple.f90: to pass the EFT model parameters and the values of the model selection flags to EFT-CAMB.
• cmbtypes.f90: to add the EFT model parameters into the set of CosmoMC parameters and store the values of the model selection flags in cmbtypes.
• driver.F90: to read the values of the model selection flags from the parameters files.
• Makefile: to compile the whole program with the EFTCAMB/EFTCosmoMC files.
• params_CMB.f90: to increase the number of CosmoMC parameters and associate the EFT parameter name to the one in the parameters files.
• settings.f90: to increase the number of theory parameters.
As of now the EFTCosmoMC May14 code does not enforce automatically the compatibility between the model selection flags and the parameters that are included in the MCMC run. This means that the user has to do the following to properly launch a run:
• At first the proper values for the EFT model selection flags have to be chosen in the file EFT_params.ini according to the scheme in Figure 1 .
• Then the user has to modify params_CMB_EFT.ini to select the parameters to include in the run, their center values and priors. In order to exclude unwanted EFT parameters from the run, their start width and propose width have to be set to zero while for the parameters related to the previously selected model these two have to be chosen different from zero. Since EFTCAMB enforces viability priors it is then sufficient that the standard CosmoMC priors are set to a value that reasonably includes the stable region in parameter space. We then suggest to set the center of a parameter relatively far from its GR limit as the parameter space of a given model might be not well behaved in the vicinity of that point.
• After these two steps the run can be launched in the standard way.
IV. IMPLEMENTATION OF THE MODIFIED EQUATIONS
The implementation of the background in the code is described at length in [5] . Here we shall review some of the more technical aspects and reproduce the equations in the form in which they enter the code.
A. Background
Given the high degree of freedom already at the level of background, and since the focus will be on the dynamics of linear perturbations, it is common to adopt a designer approach as described in [1, 2] . First of all one writes the background equations as follows:
where the prime stands for derivative w.r.t. the scale factor a, {ρ m , P m } are the energy density and pressure of matter (e.g. dark matter, radiation and massless neutrinos) and {ρ DE , P DE } encode the contributions from the extra scalar field into the form of an energy density and pressure of dark energy. {ρ ν , P ν } are the density and pressure contributions due to massive neutrinos. The equation of state of massive neutrinos has a complicated, time dependent expression, hence the code computes directlyṖ ν . One has the following continuity equations, and corresponding solutions:ρ
where Ω 0 m,DE is the energy density parameter today, respectively of matter sector and dark energy, and H 0 is the present time Hubble parameter.
With this setup, a background is fixed specifying w DE . We illustrate in the next section IV A 1 the models that are currently implemented in the code. After the expansion history has been chosen one can then determine c, Λ in terms of H and Ω(a); namely, combining eq. (3) and eq. (4) with the EFT background eqs. (12, 13) in [5] one has:
As discussed in the Sections V and VI, depending on whether one wants to implement a pure or mapping EFT model, the choice for Ω changes. After fixing the expansion history, in the former case one selects an ansätz for Ω(a), while in the latter case one determines via the matching the Ω(a) corresponding to the chosen model. In this case one has to separately solve the background equations for the given model, which might be done with a model-specific designer approach. In fact, this is the methodology we adopt for f (R) models (see Section VI A).
Finally, for the purposes of the code, it is useful to compute the following EFT dark fluid components that can be derived from eq. (10) of [5] :
Effective Dark Energy equation of state parametrizations
Several models for the background expansion history have been implemented in the code:
-The ΛCDM expansion history:
-The wCDM model:
In code notation: w 0 = EFTw0.
-The CPL parametrization [10, 11] :
where w 0 and w a are constant and indicate, respectively, the value and the derivative of w DE today. In code notation: w 0 = EFTw0 and w a = EFTwa.
-The generalized Jassal-Bagla-Padmanabhan parametrization [15, 16] :
where w 0 is the value of w DE for a = 1 and n = 1, while n encodes the time of maximum deviation from w 0 and w a the extent of this deviation. For n = 1 this reduces to the usual CPL parametrization. In code notation: w 0 = EFTw0, w a = EFTwa and n = EFTwn.
-The turning point parametrization [17] :
here w 0 is w DE (a = a t ) where a t is the value of the scale factor at the turning point, and w a is its time derivative. In code notation: w 0 = EFTw0, w a = EFTwa and a t = EFTwat.
-The Taylor expansion around a = 0:
where w 2 and w 3 are respectively the 2nd and 3rd time derivatives of w DE . In code notation: w 0 = EFTw0, w a = EFTwa, w 2 = EFTw2 and w 3 = EFTw3.
-User defined: the EFTCAMB code includes the possibility for the user to define his/her own DE equation of state parametrization and it will properly account for it in any calculation.
These definitions of w DE are shared by the pure EFT and designer EFT modules and can be consistently used for both choices of model.
B. Linear Scalar Perturbations in EFT: code notation
In this section we write the relevant equations that EFTCAMB uses [12] . We write them in a compact notation that almost preserves the form of the standard equations simplifying both the comparison with the GR limit and the implementation in the code. The dynamical equations that EFTCAMB evolves can be written 1 as:
while constraint equations take the form:
where 2kZ ≡ḣ and 2kσ * ≡ḣ + 6η are the standard CAMB variables. In these expressions we wrote the same prefactor, X, in eqs. (21) and (22), and U , in eqs. (21) and (25), but we have to stress that they might be different if other second order EFT operators are considered. In addition the last expression (25) has two forms: the first is the standard one while the second one is used when the CAMB code uses the RSA approximation. At last, to compute the observable spectra we had to define two auxiliary quantities:
The coefficients for the π field equation, once a complete de-mixing is achieved, can not be divided into contributions due to one operator at a time so we write here their full form: 
On the other hand the non-zero contributions to be added to the Einstein equations can be written for each operator separately and are listed in the following as ∆F, ∆G, ∆N, ... respectively. We adopt the following convention: F = ∆F and the same applies to all the other terms.
Background operators:
(δg 00 ) 2 :
δg 00 δK µ µ :
(δK) 2 :
δg 00 δR (3) :
(g µν + n µ n ν )∂ µ δg 00 ∂ ν δg 00 :
C. Linear Tensor Perturbations in EFT: code notation
The tensor component of the B-mode polarization of the CMB can be used to further constrain modifications of gravity [18, 19] . In this section we write the relevant equation that EFTCAMB uses to build the tensor component of the CMB spectra. Since we are working in the Jordan frame only the propagation equation for tensor perturbations needs to be modified into:
where:
and δT ij contains the neutrinos and photons contribution to the tensor component of anisotropic stress.
D. Viability conditions
In this section we list the viability priors, discussed in [5, 6] , that EFTCAMB naturally enforces on parameters defining the dark sector of the theory. By referring to the quantities defined in equation (19) we can write:
and the viability conditions become:
• 1 + Ω ≥ 0: positive gravitational constant;
• A = A 1 + k 2 A 2 ≥ 0: no ghost instabilities. Since A 2 is positive by construction then this gives: A 1 ≥ 0;
• C ≥ 0: positive effective mass of π;
• D 1 ≥ 0 and D 2 ≥ 0: no gradient instabilities.
Finally following eq. (38) we can impose:
• A T ≥ 0: no tensor ghosts.
Since π might not be the true propagating scalar degree of freedom of the theory the mass condition might be not conservative depending on the model. For this reason we give the possibility to deactivate the corresponding prior by modifying the EFTpiMassPior flag in the module EFTdef. By default this prior is imposed because a model in which C is smaller than zero will have an exponentially growing π which might affects the stability of the code. The reason lies in the fact that if a growing π acts as a source for the other dynamical equations, it will dramatically change the predictions of the observables so that the corresponding model will be excluded by observations anyway.
In addition the condition that the propagating speed of the scalar degree of freedom is less than that of light can be imposed. However, when operators involving fourth order spatial derivatives are included it is not clear if this condition will hold. On the other hand this condition can be also relaxed once one is interested in studying theories which involve super-luminal modes.
We can summarize the sub-luminal prior as:
• if A 2 = 0 and D 2 = 0 then D 2 /A 2 ≤ 1;
• if A 2 = 0 and D 2 = 0 then no notion of maximum speed.
Since the sub-luminal propagation prior is the only one which is not related to mathematical stability of the equations of motion we include the possibility to activate it and deactivate it by modifying an ad-hoc flag, EFTlightspeedPrior, in the module EFTdef. The default value for this flag is false so these priors are not accounted. In addition we impose some additional priors on cosmological parameters. These are not related to the EFT framework and are used to help the code deal with very complicated models.
• Cosmic acceleration prior: the standard dark matter prior excludes Ω dm = 0 and dark matter is supposed to behave as a matter fluid. Dark energy is supposed to source cosmic acceleration. In this case we can safely impose that w DE ≤ −1/3 at all times.
• Dark Energy prior: we impose the additional prior that Ω DE ≥ 0.
Since in principle a user might want to deviate from these assumptions, we include the possibility to activate and deactivate the corresponding priors by modifying an ad-hoc flag, EFTAdditionalPriors, in the module EFTdef. The default value for this flag is true so these priors are accounted for.
E. Initial Conditions
We assume that DE perturbations are sourced by matter perturbations at a sufficiently early time so that the theory is close to GR and initial conditions can be taken to be:
where τ π is the time at which the code is switching from GR to DE/MG. This scheme is enforced here to speed up models that are too close to GR at early times. Studying early DE/MG models requires the user to modify the flag EFTturnonpiInitial in EFT_main.f90 to a suitable value.
V. PURE EFT MODELS
In the pure EFT procedure once the background expansion history has been fixed, one has to specify the functional forms for the EFT functions. EFTCAMB allows to choose among several models. We write them here just for Ω but the same time dependence can be assumed for any other EFT function α 1 , . . . , α 6 . The first option includes the minimal coupling, corresponding to Ω = 0; the linear model can be thought of as a first order approximation of a Taylor expansion; while the power law is inspired by f (R). There is also the possibility for the user to choose an arbitrary form of Ω/α i according to any ansätz the user wants to investigate, defining them as a function of the scale factor and by specifying their derivatives with respect to the scale factor. Of course the possibility to set all/some second order EFT functions to zero is included.
In the code we implemented a slot for user defined forms which can be easily spotted inside the file EFT_main.f90. Once the user defined form has been specified no other modifications to the code are required but numerical stability is not guaranteed. Notice also that due to the structure of our modification it is possible to use, inside the definition of the EFT functions, cosmological parameters like Ω Λ and Ω m .
Code notation for pure EFT models:
• Ω 0 = EFTOmega0, s = EFTOmegaExp;
VI. MAPPING EFT MODELS
The EFT framework allows to study a specific single field DE/MG model once the mapping into the EFT language is known. We refer the reader to [1] [2] [3] [4] for a complete list of the theories that can be cast in the EFT framework and for an exhaustive theoretical treatment of models already mapped in this language.
Once the user chooses the model of interest, a model-dependent flag solves the corresponding background equations for a given expansion history (see Sec. IV A 1). Then, using the mapping into the EFT formalism, it reconstructs the corresponding EFT functions and, finally, has all the ingredients to evolve the full dynamical EFT perturbed equations. Notice that in this case all the EFT functions are completely specified by the choice of the model and once the background equations are solved. EFTCAMB includes a flag for f (R) models. The background equations are solved through the use of the designer approach specific to f (R) [13, 14] (see the following subsection for implementation details). In Sec. VI B , we will show the implementation of minimally coupled Quintessence only via EFT functions. In the future, new flags implementing the background equations and the mapping for other DE/MG models of interest that are included in the EFT formalism will be added. A detailed diagram of the mapping EFT case is shown in Figure 1 . 
In terms of these dimensionless quantities the scalaron mass scale reads:
The designer approach will then consist in choosing one of the expansion histories in section IV A 1 and solving the following equation for y(x)
with appropriate boundary conditions that allow us to select the growing mode, as described in [14] . The outcome will be a family of models labelled by the present day value, B 0 , of (47). In order to implement eq. (48) in the code we need to define the following quantities:
E eff ≡ Ω Λ e −3g(x) ⇒ g(x) = 
where we have introduced the variable x ≡ ln a. These definitions allow us to rewrite E(x) and its derivatives as follows: E = − 3Ω m e −3x − 4Ω r e −4x − 3Ω Λ e −3g(x) g (x) , E =9Ω m e −3x + 16Ω r e −4x − 3Ω Λ e −3g(x) g (x) − 3g (x) 2 , E = − 27Ω m e −3x − 64Ω r e −4x − 3Ω Λ e −3g(x) g (3) (x) − 9g (x)g (x) + 9g (x) 3 .
Once we have solved the background according to the above procedure, there remains only to map the solution into the EFT language. To this extent we have:
For the code purposes we need also the derivatives of this function with respect to a, and it turns useful to input their analytical expressions directly in the code, rather than having the code evaluate them numerically. We have:
where φ 0 is the background value of the quintessence field and V (φ 0 ) is the quintessence potential. 
and their time derivatives can be read from equation (5) .
Change Log
• Version 1.1 (Oct14):
-Added compatibility with massive neutrinos of all the built-in modified gravity models;
-Added a section for DE equation of state parametrizations;
-Added a section on tensor modes;
-Added a section on viability priors;
-Added a section on designer minimally coupled quintessence models.
• Version 1.0 (May14): first version of EFTCAMB/EFTCosmoMC.
